We have adopted a binary superlattice structure for long-wavelength broadband detection. In this superlattice, the basis contains two unequal wells, with which more energy states are created for broadband absorption. At the same time, responsivity is more uniform within the detection band because of mixing of wave functions from the two wells. This uniform line shape is particularly suitable for spectroscopy applications. The detector is designed to cover the entire 8 -14 m long-wavelength atmospheric window. The observed spectral widths are 5.2 and 5.6 m for two nominally identical wafers. The photoresponse spectra from both wafers are nearly unchanged over a wide range of operating bias and temperature. The background-limited temperature is 50 K at 2 V bias for F / 1. The past decade has seen increased research activity in the area of broadband quantum-well infrared photodetectors (QWIPs) for spectroscopy in the 8 -14 m atmospheric transmission window.
The past decade has seen increased research activity in the area of broadband quantum-well infrared photodetectors (QWIPs) for spectroscopy in the 8 -14 m atmospheric transmission window.
1-6 Development of on-chip infrared spectrometers requires broadband detector material where wavelength-selective pixels are created using structures such as quantum-grid infrared photodetectors or enhanced QWIPs. 7, 8 Initial broadband QWIP designs utilized boundto-continuum transitions in multiple QW (MQW) and superlattice (SL) structures.
1,2 These detectors had spectral bandwidths ⌬ of ϳ3 m (defined as the full-width at halfmaxima) and peak wavelengths p in the 5 -10 m range. Multistack detectors have also been investigated for broadband as well as voltage tunable multicolor detection. 3 Another approach to obtain broadband detection involves MQW structures where each unit consists of several QWs with different well widths and/or well compositions. [4] [5] [6] Although these structures have ⌬ ϳ 4.5-6 m, large bias voltages are required for obtaining broad response because only the shorter wavelength QWs are turned on at low voltages. Furthermore, since different QWs have different activation energies, their impedance ratio changes with temperature. The resulting change in potential drop leads to different spectral line shapes at different temperatures. In this letter, we present the design and fabrication of long-wavelength broadband QWIPs that employ miniband-to-miniband transitions in binary SL (BSL) structures. These QWIPs have ⌬ ϳ 5-6 m with p ϳ 10 m and exhibit minor changes in bandwidth with bias voltage and temperature.
Superlattice detectors were first introduced by Kastalsky et al. 9 Since then, the SL design has been used for both mid-wavelength 10 and long-wavelength 2,11,12 detection. Although these SL detectors have ⌬ ϳ 2-3 m, the responsivity spectra are sharply peaked near their cutoff wavelengths. 2, [10] [11] [12] To further increase the bandwidth and improve the uniformity of the responsivity spectra, we adopted a BSL design. In this structure, the basis of the SL consists of two different wells separated by thin barriers. Upon infrared absorption, electrons from each of the two ground minibands that originate from the two QWs are photoexcited to the two upper minibands, thus greatly expanding the spectral coverage. The mixing of states among the unequal wells also changes the energy distribution of oscillator strength. By adjusting the BSL parameters, different degrees of mixing can be obtained, which results in different line shapes. Therefore, the BSL design greatly increases detector versatility for broadband applications.
In the present BSL design for the 8 -14 m range, we found that only a slight difference in the well widths is needed, for which the respective minibands are merged together. Nevertheless, the BSL design is useful because the strong mixing of the nearly degenerate states enables a uniform spectral responsivity within the detection band. 
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respectively. Since these wavelengths depend on the BSL miniband structure, they can be tailored by varying the BSL parameters. In addition, the cutoff wavelength can also be controlled by the doping density N d if all states in M 1 are not occupied. In this case, as N d is increased, the higher subbands in M 1 are progressively occupied, allowing longer wavelength transitions.
We further elaborate the above-mentioned issue by plotting the calculated absorption spectra in Fig. 2 for N d = 3 and 4 ϫ 10 17 cm −3 . These spectra were calculated from the computed values of oscillator strength and electron population in energy levels E 1 through E 8 in M 1 at T = 0 K. We further assumed that all transitions have a Gaussian line shape due to inhomogeneous broadening. 10 The width of the Gaussian distribution is E = 11 and 0.5 meV for the solid and the dashed curves in Fig. 2 , respectively. The value of E = 11 meV is expected for monolayer fluctuations in well and barrier widths, 2 while the smaller value of E = 0.5 meV reveals the contribution of the individual transitions. At the nominal doping density of N d =4ϫ 10 17 cm −3 [ Fig. 2(a) ], all eight subbands in M 1 are occupied, which leads to a broad absorption spectrum with ⌬ = 8.6 m and cutoff wavelength c = 15.8 m. For the lower doping density of N d =3 ϫ 10 17 cm −3 [ Fig. 2(b) ], only subbands E 1 -E 6 in M 1 are occupied. Since less energy levels in M 1 take part in optical transitions, the absorption spectrum is narrower with ⌬ =6 m and c =13 m. This example shows that a small change in the Fermi level (ϳ4 meV at low temperatures) can lead to a substantial reduction of c (ϳ3 m change). Therefore, a partially filled M 1 is not an optimum design because c is reduced while the activation energy for dark current is virtually unchanged. Figure 2 indicates smooth absorption spectra for both doping levels, which is due to the large number of allowed transitions in the BSL.
We processed 45°edge-coupled devices to characterize our detectors. The responsivity spectra of a typical device from both the IQE and Sandia wafers are shown in Fig. 3 as a function of positive voltage bias V b (referenced to the bottom contact) and temperature T. The negative bias spectra are narrower than the positive bias ones, and hence, are not presented here. The IQE detector spectra are only slightly affected by V b and T with ഛ5% change in p and ⌬. The widest spectrum is obtained at V b = 3 V and T = 50 K and has p =10 m, ⌬ = 5.2 m͑⌬ / p = 52%͒, and cut-on and cutoff wavelengths of 7 and 12.2 m, respectively. The Sandia device spectra are shifted toward longer wavelengths compared to those of the IQE device. The widest spectrum for this detector occurs at V b = 3 V and T = 55 K, where p = 9.2 m and ⌬ = 5.6 m͑⌬ / p = 61%͒. The cut-on and cutoff wavelengths are 7.9 and 13.5 m, respectively, which shows that this detector is able to cover the entire 8 -14 m atmospheric window. For a fixed T, we observe an enhancement of the long-wavelength response and ϳ20% increase in ⌬
The discrepancies between the two wafers can be attributed to different QW widths and doping densities. If the QWs are a little narrower than their nominal widths, all energy levels increase slightly; however, the effect is larger for M 2 . Consequently, all detection peaks are blueshifted. This increase in energy not only pushes out the level M 2 E 1 into the quasicontinuum above the blocking barrier [see Fig. 1 ] but also enhances the escape probability of photoexcited electrons from M 2 . These effects would lead to negligible bias dependence of the spectral width as observed for the IQE detector. Therefore, the QWs in the IQE wafer are probably narrower than the designed ones. On the other hand, if the QWs are slightly wider than the nominal ones, the subband energies would decrease slightly, which would lead to a reduction of the escape probability of low-energy photoelectrons from states such as M 2 E 1 . However, the tunneling probability of the low-energy photocarriers through the tip of the wide blocking barriers increases with bias voltage. Since the low-energy subbands in M 2 are the final states for the long-wavelength optical transitions, we expect wider responsivity spectra at higher bias. This trend is consistent with the bias dependence of spectral width of the Sandia wafer. Therefore, we conclude that the QW widths in the Sandia wafer are a little larger than their nominal value. We confirmed this with x-ray diffraction analysis, which indicates that the actual period of the BSL structure is 1477 Å, which is about 5% larger than the nominal value of 1405 Å.
The widest bandwidths obtained for both wafers are comparable to the best ones achieved by other groups so far. [4] [5] [6] For the IQE device, the responsivity line shape and bandwidth are very similar to those of the calculated absorption spectra for the lower N d of 3 ϫ 10 17 cm −3 . The IQE sample is, therefore, consistent with a structure that has a lower N d and an energy independent escape probability as discussed earlier. On the other hand, the Sandia detector gives a broader spectrum, which indicates that the doping level is closer to the nominal value. However, c in this case is limited by the tunneling probability of photoelectrons below the blocking barrier, which shortens c to 13.5 m at V b = 3 V. Nevertheless, the reduced escape probability toward longer wavelengths produces more uniform responsivity spectra, which are suitable for spectroscopy applications.
Dark current density J d of both detectors is plotted in Fig. 4 for the 30-70 K temperature range. We have also plotted the window photocurrent density J w that was generated by 300 K background radiation incident through F / 1.2 optics. The detector temperature was fixed at 10 K for this measurement. Figure 4 shows that both detectors have a background-limited temperature T BLIP , defined as the temperature where J d = J w , of 55, 50, and 40 K at V b =1,2, and 3 V, respectively. These values of T BLIP are comparable to those of QWIPs with similar cutoff wavelengths but narrower bandwidths. 14 We also prepared corrugated-QWIPs (C-QWIPs) from both wafers for normal-incidence detection. 16 The responsivity spectra of the C-QWIPs are similar to those of the 45°edge-coupled devices.
In conclusion, a long-wavelength broadband QWIP using a SL with a binary basis was demonstrated. This BSL structure offers greater flexibility in spectral coverage and line shape. In addition, there is little dependence of the detector spectra on bias and temperature. The backgroundlimited temperature is similar to those of standard QWIPs with similar cutoff wavelengths. The BSL is adequate for the 8-14 m atmospheric window. For even wider bandwidths, one can further increase the number of QWs in the basis. 
